Rationale: Chorioamnionitis induces preterm delivery and acute involution of the fetal thymus which is associated with postnatal inflammatory disorders. We studied the immune response, cell composition, and architecture of the fetal thymus following intraamniotic lipopolysaccharide (LPS) exposure. Methods: Time-mated ewes received an intraamniotic injection of LPS 5, 12, or 24 hours or 2, 4, 8, or 15 days before delivery at 125 days gestational age (term ¼ 150 days). Results: The LPS exposure resulted in decreased blood lymphocytes within 5 hours and decreased thymic corticomedullary ratio within 24 hours. Thymic interleukin 6 (IL6) and IL17 messenger RNA (mRNA) increased 5-fold 24 hours post-LPS exposure. Increased toll-like receptor 4 (TLR4) mRNA and nuclear factor kB positive cells at 24 hours after LPS delivery demonstrated acute thymic activation. Both TLR4 and IL1 mRNA increased by 5-fold and the number of Foxp3-positive cells (Foxp3þ cells) decreased 15 days after exposure. Conclusion: Intraamniotic LPS exposure caused a proinflammatory response, involution, and a persistent depletion of thymic Foxp3þ cells indicating disturbance of the fetal immune homeostasis.
Introduction
Chorioamnionitis, an intraamniotic inflammation of the chorioamniotic membranes documented by histologic findings or culture, is commonly associated with preterm birth and adverse neonatal outcomes. 1, 2 Clinical chorioamnionitis can manifest itself with maternal fever, uterine tenderness, and maternal and fetal tachycardia. 3, 4 However, chorioamnionitis is often a clinically silent infection without maternal symptoms referred to as histological chorioamnionitis. 5 By histological examination of the placenta, the diagnosis of chorioamnionitis can be subdivided into acute or chronic depending on the infiltration of neutrophils or lymphocytes, respectively. 6, 7 Intrauterine exposure to infection or inflammation can have profound effects on fetal lung, gut, and brain development, thereby increasing the risk of respiratory, gastrointestinal, and neurodevelopmental complications. [8] [9] [10] [11] Therefore, chorioamnionitis has been characterized as a ''multiorgan disease of the fetus.'' 12 Although the systemic inflammatory response of the fetus after intrauterine inflammation has been the focus of ongoing studies, the effects on the inflammatory organs such as the thymus, spleen, and lymph nodes have barely been studied. Clinically, chorioamnionitis is however associated with a decreased thymus size in very low-birth weight preterm infants. 13, 14 De Felice et al demonstrated that preterm neonates exposed to subclinical chorioamnionitis had smaller thymuses at birth on chest radiographs than preterm neonates without chorioamnionitis. 15 Histological examination at autopsy showed severe morphological changes in the fetal thymus with a reduced corticomedullary (CM) ratio and low thymocytes count when fetuses were exposed to intrauterine infection. 16 However, these severe changes may not represent the thymic changes that occur in the majority of surviving fetuses exposed to chorioamnionitis.
A small thymus size in preterm infants is a strong indicator of other adverse outcomes such as bronchopulmonary dysplasia [17] [18] [19] and fetal inflammatory response syndrome. 20 Thymic involution in preterm infants is associated with a higher risk for the development of cerebral white matter damage, the major antecedent of cerebral palsy. 21 Moreover, a small thymus size at birth can lead to a smaller T-cell repertoire and lower thymic output leading to enhanced vulnerability to infections in later life. 22, 23 Thymic involution also correlated with the frequency of infections in preterm infants admitted to the neonatal intensive care unit, 24, 25 with the grade of thymic involution being related to the duration of the illness. 26 Although there is a growing body of clinical evidence suggesting that intrauterine infection has profound effects on the fetal and neonatal immune system and the thymus in particular, little is known about the mechanisms by which exposure to in utero infection/inflammation affects the fetal thymus and the consequences of these changes on the function and maturation of the immune system. Therefore, we characterized the cellular and structural changes in the fetal thymus after exposure to intraamniotic inflammation. We used a preterm lamb model to evaluate the changes in the fetal thymus in a time-related manner after intraamniotic lipopolysaccharide (LPS) injection. 27 
Materials and Methods

Animal Study
All studies were approved by the Animal Ethics Committees at The University of Western Australia and Cincinnati Children's Hospital Medical Center. Time-mated ewes with singleton fetuses received a single intraamniotic injection of 10 mg LPS (bolus of 10 mg Escherichia coli 055: B5, Sigma Chemical, St Louis, Missouri, dissolved in saline) resulting in an inflammatory response of the chorioamniotic membranes and systemic inflammation of the fetus, 28 5 hours, 12 hours, 24 hours, 2 days, 4 days, 8 days, or 15 days before preterm delivery (n ¼ 6-8; Table 1 ). No differences were observed between control animals that received saline injections at different time points before delivery and were therefore combined in 1 control group. All lambs were delivered by cesarean section at 125 days gestational age (GA; term ¼ 150 days GA) which corresponds to 28 to 32 weeks in humans, 29 a critical period of late development when most preterm infants are born with serious complications. Preterm lambs were euthanized after birth. Cord blood was used for white blood cell counts to measure systemic inflammation. Total white blood cell counts were performed with correction for nucleated red blood cells and differential counts were performed by a single blinded observer. The thymus was collected and tissue was snap frozen or fixed in 10% buffered formalin for 24 hours.
Immunohistochemistry
Paraffin-embedded thymic sections (4 mm, transverse) were stained for CD3 (A0452, DAKO, Glostrup, Denmark), Foxp3 ( RelB staining, positive cells were counted and the average numbers of 3 different high-power fields of different lobes at a Â200 magnification were given.
The morphology of the thymus was evaluated by light microscopy after hematoxylin and eosin staining. The CM ratio was quantified in 3 representative sections at Â2.5 magnification using Image J software.
RNA Extraction and Quantitative Real-Time PCR
Quantitative real-time polymerase chain reaction (PCR) was performed to measure messenger RNA (mRNA) levels of toll-like receptor (TLR)2 and 4 which are the main recognition receptors for Gram-positive and -negative bacteria, interleukin (IL)1, IL6, IL10, IL17, and interferon gamma (IFNg) which are important cytokines produced in response to inflammation. 30 Total RNA was isolated from thymic tissue by Trizol/chloroform extraction and treated with RQ1 DNase (M610A, Promega, Madison, Wisconsin). The digestion of genomic DNA was confirmed by PCR using specific glyceraldehyde-3phosphate dehydrogenase primers. For the analysis of gene expression, RNA was converted into complementary DNA (cDNA) with the Transcription First Strand cDNA synthesis kit (Roche-Applied, Mannheim, Germany) according to manufacturer's instructions using anchored oligoprimers. The reversetranscriptase PCR (RT-PCR) reactions were performed in duplicate with the LightCycler 480 SYBR Green I Master mix (Roche-Applied) on a LightCycler 480 Instrument according to the manufacturer's instructions with primers based on ovinespecific sequences ( Table 2 ). The RT-PCR results were normalized to ovine 40S ribosomal protein S15 (ovRPS15) and mean fold changes in mRNA expression were calculated by the DDCt method. 31 
Data Analysis
Results are given as means + standard error of the means. Groups were compared using 1-way analysis of variance with Dunnett for post hoc analysis or by a nonparametric Kruskal-Wallis test as appropriate. Statistical analysis was performed by GraphPad Prism v5.0. Significance was accepted at P < .05.
Results
Systemic Inflammation
The percentage of neutrophils and monocytes increased significantly in cord blood at 8 days and 4 days after intraamniotic LPS exposure, respectively ( Table 1 ). The percentage of lymphocytes in cord blood decreased within 5 hours after LPS exposure and remained low until 2 days post LPS exposure. 
Thymic CM Ratio
Representative images for the thymic CM ratio for controls ( Figure 1A ) and 8-day LPS-exposed animals are shown in Figure 1B . The CM ratio decreased significantly 24 hours and 8 days after LPS exposure compared to controls ( Figure 1C ).
Proliferation and Apoptosis in the Fetal Thymus
Cellular apoptosis and proliferation in the fetal thymus were assessed by immunohistochemical analysis for cleaved caspase 3 and Ki67 in the thymic cortex. The number of cleaved caspase 3 positive cells significantly increased 12 hours after LPS exposure (27 + 2 positive cells) compared to controls (12 + 2 positive cells; Figure 2A ) indicating increased apoptosis in the fetal thymus. Representative images for controls ( Figure 2B ) and 12-hour LPS-exposed animals are shown in Figure 2C . The percentage of Ki67-positive cells was decreased 4 days after exposure to LPS (0.2% + 0.1%) compared to controls (4.1% + 1%) indicating a decrease in proliferation ( Figure 2D ).
Representative images for controls ( Figure 2E ) and 4-day LPS-exposed animals are shown in Figure 2F .
Accumulation of CD3-Positive Thymic T cells
Representative images for CD3-stained thymus tissue for controls, 5-hour LPS-exposed animals, and 8-day LPS-exposed animals are shown in Figure 3A , B, and C, respectively. The percentages of CD3-positive cells in the medulla of the thymus were significantly increased 5 hours (32.48% + 9.43%), 2 days (26.5% + 4.61%), and 8 days (26.10% + 3.60%) after LPS exposure compared to controls (4.22% + 1.04%; Figure 3D ).
Reduced Foxp3-Positive Cells in Response to LPS
The Foxp3-positive cells (Foxp3þ cells) were primarily detected in the inner medulla of the thymus and are shown for controls ( Figure 4A ), 4-day LPS-exposed animals ( Figure 4B) , and 15-day LPS-exposed animals ( Figure 4C ). These cells significantly decreased 4 days after LPS exposure (2 + 1 positive cells) when compared to controls (21 + 4 positive cells; Figure  4D ). After normalization at 8 days, Foxp3þ cells decreased 15 days after exposure to LPS (6 + 3 positive cells).
Thymic Cytokine mRNA Levels in Response to Intraamniotic LPS
Interleukin 1 mRNA levels increased within 24 hours after LPS exposure and remained elevated until 15 days post LPS treatment, with the highest increase of 10-fold detected 4 days after LPS treatment ( Figure 5A ). The IL6 mRNA levels were increased 9-fold at 12 hours, 24 hours, 2 days, and 15 days after intraamniotic LPS exposure ( Figure 5B ). This IL6 increase was paralleled by increased IL17 mRNA levels at 12 hours, 24 hours, 4 days, and 8 days post LPS exposure ( Figure 5C) . A 4-fold increase in IFNg mRNA levels was detected at 4, 8, and 15 days ( Figure 5D ) whereas IL10 mRNA levels were significantly decreased by half-fold in the 5-hour and 2-day LPS groups ( Figure 5E ).
Toll-Like Receptor mRNA Levels in the Fetal Thymus
The mRNA levels of TLR2 ( Figure 6A ) and TLR4 ( Figure 6B ) in the thymus were analyzed by RT-PCR. The TLR2 mRNA levels were increased at 12 hours after LPS exposure when compared to controls. The mRNA levels of TLR4 almost doubled 24 hours after LPS exposure but decreased to control levels after 2 days of LPS exposure. A second significant increase in TLR4 mRNA levels in the fetal thymus was detected 8 and 15 days after LPS exposure.
Increased Numbers of NF-kB Positive Cells After LPS Exposure
The NF-kB expression was visualized in thymus sections with immunohistochemistry, as shown for controls ( Figure 7A ) and 8-day LPS-exposed animals ( Figure 7B ). Exposure to intraamniotic LPS increased the number of NF-kB positive cells in the medulla of the thymus from 3 + 1 positive cells in control animals to 33 + 3 positive cells in the animals exposed to LPS 24 hours before delivery ( Figure 7C ). The number of NF-kB positive cells increased again to 28 + 3 positive cells at 8 days.
Discussion
We investigated the time interval effects of intraamniotic LPS exposure on the fetal thymus. In preterm fetal sheep, we found Thymic responses to intraamniotic LPS exposure were detected as early as 5 hours after the injection. Acute thymic involution was evident with a decrease in the percentage of blood lymphocytes and CM ratio without large changes in the proliferation or apoptosis rate of the thymocytes. These results of acute thymic involution further refine the findings of Kunzmann et al which showed an early reduction in thymus/body weight of the ovine thymus 2 days after intraamniotic LPS exposure. 32 We found significant apoptosis at 12 hours and a decreased CM ratio at 24 hours after exposure. We further identified early increases in mature, CD3-positive T cells and a shift in mRNA cytokine and TLR levels to a proinflammatory microenvironment which is supported by an increase in NF-kB expression. The TLR4 is the main recognition receptor for LPS. Binding of LPS to TLR4 results in induction of the MyD88-dependent pathway, which involves the early phase of NF-kB activation and subsequent production of proinflammatory cytokines which in turn can further stimulate NF-kB activation. In addition, TLR4 activates the MyD88-independent pathway which is known to result in the late phase of NF-kB signaling. 30 Intrauterine inflammation can have both acute and long-term effect on thymic T-cell composition. [33] [34] [35] Melville et al showed that intraamniotic LPS exposure decreased fetal thymic CD8þ and MHC class II cells at 7 days after intraamniotic injection in sheep. 35 When sheep were repetitively exposed to intraamniotic LPS at 90, 100, and 110 days of gestation, thymic CD4þ cells increased at term and CD8þ cells decreased in the thymus of animals at 7 weeks of age. 33 In the current study, changes in both the cytokine profile and cell composition of the thymus were detectable up to 15 days after LPS exposure. As cytokines play a major role in directing thymic T-cell composition, 36 persistent changes in the cytokine profile may explain the altered T-cell subsets in the thymus after intraamniotic LPS exposure. Recently, our group reported that exposure to intraamniotic LPS 7 days before preterm birth altered thymic Sonic Hedgehog (Shh) and bone morphogenetic protein (BMP)4 expression. 37 The Shh and BMP4 pathways are crucial to the development of immature thymocytes into mature T cells. 38, 39 Cytokines such as IL10 can modulate the expression of Shh and BMP4 during this process. Conversely, Shh signaling can regulate the thymic cytokine profile, demonstrating a close interplay between morphogenesis and cytokines on one hand and thymic T-cell development on the other. [40] [41] [42] Taken together, these data demonstrate that intraamniotic exposure to LPS alters the thymic microenvironment, which should have profound effects on thymic T-cell development and subsequent immune function.
In this model, Foxp3 expression, which is a marker of immunosuppressive regulatory T cells, 43 decreased in response to intraamniotic LPS exposure. As the thymus is the major site for regulatory T-cell development, 4 , depletion of these cells can cause an imbalance in the immune system toward a persistent proinflammatory status. Long-term depletion of Foxp3þ cells may therefore contribute to the inflammatory responses after chorioamnionitis. [45] [46] [47] [48] Wolfs et al recently showed that in the fetal gut IL-1-induced intrauterine inflammation caused depletion of Foxp3þ cells and an increase in CD4-expressing cells, indicating an imbalance between effector and regulatory T-cells. 49 Under the influence of proinflammatory stimuli such as IL6, regulatory T-cells can lose their Foxp3 expression and convert to Th17 cells, which produce IL17 as a potent proinflammatory cytokine. [50] [51] [52] Since thymic IL6 and IL17 mRNA levels increased after intraamniotic LPS exposure, it is tempting to speculate that an IL6-driven phenotype change in regulatory T cells into Th17 cells might be an important process for the observed depletion of regulatory T cells in the thymus. In summary, intraamniotic LPS induced acute thymic involution, structural changes, and inflammation of the thymus. Although most changes were reversible, exposure to LPS induced a prolonged increase in proinflammatory cytokines and a depletion of Foxp3þ cells in the fetal thymus, which may alter the response of the fetal immune system in other organ systems such as the lung, gut, and brain. Although the long-term effects of the changes in cell composition and activation of the fetal thymus remain to be further determined, this report highlights the dynamics of the fetal immune response to intrauterine inflammation. These acute changes contribute to a better understanding of how fetal immune regulation could contribute to postnatal diseases as suggested by clinical studies of surviving preterm babies.
